Forest fire has long been recognized as an important disturbance structuring Canada's boreal forest. The effects of fire transcends forest succession altering biogeochemistry of soils, hydrology and thus the flux of solutes from landscape to streams and lakes. To better understand the role of forest fire in altering boreal streams and lakes, the Sustainable Forest Management Network (SFMN) began an investigation of fire effects in aquatic systems under Legacy 1 (formerly Ecological Basis for Sustainability). Fire effects were also of interest to aboriginal peoples in northern Alberta due to their traditional use of fire as a management tool and because of recent large fires on their traditional lands. In this paper, we present data from the Caribou Mountains, a boreal sub-arctic plateau in the discontinuous permafrost region of northern Alberta. 129 000 ha of this plateau burned during the summer of 1995, presenting a unique opportunity to study the effects of large-scale forest fire on aquatic systems.
forest fire in altering boreal streams and lakes, the Sustainable Forest Management Network (SFMN) began an investigation of fire effects in aquatic systems under Legacy 1 (formerly Ecological Basis for Sustainability). Fire effects were also of interest to aboriginal peoples in northern Alberta due to their traditional use of fire as a management tool and because of recent large fires on their traditional lands. In this paper, we present data from the Caribou Mountains, a boreal sub-arctic plateau in the discontinuous permafrost region of northern Alberta. 129 000 ha of this plateau burned during the summer of 1995, presenting a unique opportunity to study the effects of large-scale forest fire on aquatic systems.
Two years following forest fire, biogeochemistry of 11 headwater lakes in burnt peatland-conifer catchments was altered relative to 17 lakes in unburnt catchments. Cation exchange in burnt catchments resulted in flux of protons and 1.3-fold lower mean pH and 2-fold reduction in total alkalinity. Lakes in burnt catchments had 3-fold higher mean total phosphorus (TP), 1.5-fold higher total nitrogen (TN) and 2.6-fold higher dissolved organic carbon (DOC) concentrations. Secchi depths and light extinction averaged 52 and 160% of the reference lake mean. TP explained 86% of the variance in reference lake chlorophyll (CHL) but was not related to CHL in burnt catchments. Residual analysis and nutrient stimulation experiments suggested algae in burn-impacted lakes were light-and nitrogen-limited.
General models that could explain the dependence of water chemistry on watershed characteristics were explored. Over a range of catchment-to-lake area ratios, Caribou Mountain lake chemistry was related to a fraction of total catchment areas. Catchments were subsequently reduced in size to effective areas (EA) and a method for predicting the mean size of an EA was contrived using a mass-balance for 18 O and sodium. EA divided by lake volume explained 20 to 69% of variance in nutrient concentrations among lakes, performing better than other physical parameters. With the addition of five lakes burnt between 1961 and 1985, time-since-disturbance and %disturbance, combined, explained 58% of the variance in TP.
Introduction
Interest in fire as a natural disturbance impacting catchment biogeochemistry and surface water quality is rekindling. The growing interest in fire centers on better management practices for forested lands, however, studies on the affects of fire suggest impacts are regionally or fire specific. One common theme is that the magnitude of ion flux from catchments is dependent on fire severity because of modifications to cation exchange and biochemical reactions in the organic soil layer (Grier 1975; Stark 1977; Schindler et al. 1980) . In fires where a third or less of the organic soil layer was burnt, no changes in soil water and stream water carbon, nitrogen, phosphorus, their inorganic fractions or major cations were reported (e.g. Richter et al. 1982) . In more severe fires, where bedrock has been exposed, post fire increases in nutrient flux are usually short lived (<5 y) and changes in surface water concentrations do not exceed inter-annual variation (McColl & Grigal 1975; Bayley et al. 1992; Minshall et al. 1997 ). These studies have occurred primarily in granitic regions with thin organic soils compared to permafrost -peatland dominated systems such as those in northern Alberta.
Peatlands have been studied in granitic regions. For example, a comparison of burnt and unburnt portions of a Sphagnum fallax / Picea mariana mire demonstrated no detectable long -term (8 y) impact of fire on water chemistry (Vitt & Bayley 1983) . In a review of circumpolar studies MacLean et al. (1983) reported fire rarely burnt the entire organic layer and changes in soil water chemistry did not result in nutrient flux from peat-derived soils. The results from previous studies give little indication of potential impacts from forest fire in catchments with deep peat soils (0.5 m or more), that are underlain by glacial till and contain permafrost or seasonal frost lasting a majority of the summer. From a management perspective, lack of data for northern Alberta makes it difficult to assess impacts from forest management practices designed to mimic fire.
A unique opportunity to examine extensive damage to peatlands was provided when 129 000 ha of the Caribou Mountains, a Sub-arctic plateau, were razed by fire in 1995. In this single event, one -third of the Plateau was consumed, equaling 50% of the mean annual area burnt in Alberta between 1994 and 1998 (Alberta Environmental Protection) . Unlike other studies, impacts were expected because of high fire severity, large proportion of catchments burnt (between 60 and 100%), hydrology dominated by flow through the peatlands, and relatively low contributions from aerial deposition to overall lake nutrient budgets (Shaw et al. 1989) . We hypothesize that the 1995 fire in the Caribou Mountains impacted lake water chemistry by affecting cation exchange in peat and mineralization of nutrients to produce: a) increased base cation and nutrient concentrations in surface waters; b) corresponding increases in algal biomass; and c) increased suspended organic and inorganic seston. We also looked for indications of long-term (decades) impacts from fire as well as relationships between catchment caracteristics and lake water chemistry.
Methods

Site description
The Caribou Mountains (59°N 115°W) are an erosional remnant of the Keewatin Glacier forming a large plateau 500 m above the Peace River valley.
Peatlands cover 56% of the Plateau (Vitt et al. 1996) Eleven headwater lakes were selected from catchments where between 50 and 100% of the tree cover was killed by fire (mean 83%, median 90%, s.d. 15%). These lakes plus 17 headwater lakes in unburnt reference catchments and five headwater lakes in catchments burnt between 1961 and 1985 were sampled monthly after ice out in late June, July and August/early September (Fig. 1) . Lakes from previously burnt catchments are used only in time-since-disturbance and %disturbance analyses. There was a large range in surface area (2.6-1428 ha) and mean depth (0.2 -11.6 m) among study lakes but ranges in these parameters were similar among burnt and reference treatments (Table 1) . Three reference lakes contained volumes of water an order of magnitude higher than the largest burnt lake. However, burnt and reference lakes had a similar range in drainage ratios, catchment vegetation patterns and all were polymictic. In the fire, understory herbaceous, sedge, and lichen cover were incinerated but damage to moss and peat was varied. Burning was mostly limited to 0 to 20 cm of peat that is on average greater than 0.75-m deep. In some locations burning continued within deeper peat until the following summer. Late August testing of some catchments revealed no permafrost in the peat layer (down to mineral soil) of burnt areas, whereas it was common in unburnt areas.
Groundcover in each catchment was classified as upland-aspen, peatland or water. Peatlands were subdivided into veneer bog, peat plateau, poor fen and rich fen based on vegetation and slope characteristics identified from 1:20000 aerial photos (Halsey et al. 1997) . Percentage of fire disturbance per drainage basin was estimated from aerial photos (1996) and flight surveys. Bathymetric maps were constructed from depth measurements along 5 to 15 transects on each lake. Depth measurements were recorded by echo sounding at equal intervals along transects and used to interpolate depth contours in ArcInfo. for storage (1-2 wk), then neutralized with equivalent NaOH prior to digestion in the laboratory. TP and DP were analyzed spectroscopically (5-cm cell) from persulfateoxidized samples by molybdate blue absorption (Prepas & Rigler 1982) . TN and DN concentrations were determined by second derivative spectroscopic analysis of persulfate oxidized samples (Crumpton et al. 1992) . Soluble reactive phosphorus Total suspended chlorophyll was collected on Gelman A/H filters (mean particle retention 1.2 µm) in duplicate from each of the three composite sample bottles. Filters were subsequently dessicated with silica-gel and frozen. Total chlorophyll a (CHL) concentrations were determined with fluorometric methods (Sartory & Grobbelaar 1986 ).
To test nutrient limitation of phytoplankton we had expected to select one burnt and one unburnt headwater lake. One of the study lakes (C24) was chosen to represent burnt lakes, however, a non-study lake, Margaret Lake was selected to represent reference conditions due to flight costs. Our base camp was situated at Margaret Lake, which had approximately a third of its catchment burnt, but was non- Each response was determined by comparison to response in control containers.
Response to favorable light was inferred from a positive response in control containers compared to initial CHL and final lake CHL.
Measurement of the stable isotope composition of lake water (δ18O and δ2H) was used as a comparative index of lakewater budgets. Based on a simple steady-state isotope-mass-balance model (Gibson et al. 1993 ) the water residence time τ (years) for each lake was estimated as:
where V is the average lake depth (mm) determined by bathymetry, and E and h are annual small lake evaporation (mm/year) and humidity, respectively, interpolated from the Environment Canada climate network. Also, δL, δP, δ* are the isotopic compositions of lake water (measured 3 times/yr), precipitation (interpolated from GNIP (1996) data), and limiting enrichment rate. The latter parameter reflects the atmospheric limitation on enrichment which is determined by climatic factors (Gibson et al. 1993 ).
When transport of solutes is attenuated by soils of low hydraulic conductivity, modeling catchment contributions of solutes can be achieved by reducing the size of the drainage basin to an effective area (Sorrano et al. 1996) . The effective area (EA) represents the land area that contributes solutes to surface waters which can contract and expand with dry and wet periods. Mean effective areas were constructed for each lake by calculating the area required to account for lake concentrations of sodium ions. The formula:
expresses EA as a function of lake sodium concentration, flux rate (F) and discharge (Q). The equation assumes Na + is a conservative element at equilibrium in the lake . There were no detectable differences in mean total base cation concentrations between burnt and reference lakes (P = 0.25). As a percentage of total cations, Ca 2+ was lower and K + was higher in burnt lakes compared to reference lakes (Fig. 2 ).
Reference lake water was moderately alkaline (median pH = 7.8), while fire caused an influx of protons (median pH = 6.9, P = 0.02) and a lower mean , respectively (Fig. 4) . Lake water in burnt catchments contained 2.8-fold higher TP, 3.6-fold higher DP and 5.4-fold higher SRP than in reference lakes (P<0.05). In reference lakes, mean TN, DN, NO ) slightly lower than the burn-impacted mean but similar to the median. Margaret Lake water had a high TN:TP ratio (38) compared to reference lakes while the TN:TP ratio in C24 (8) was representative of burnimpacted lakes (Table 2) . Margaret Lake and C24 had similar mean Secchi disk depths (1.3 and 1.2 m, respectively) however, only C24 responded to light over the incubation period.
Modeling land-water interactions
There were no detectable relationships between nutrient concentrations of lake waters and drainage ratio (P >0.3). Three reference and three burnimpacted lakes had drainage ratios larger than 25. When these lakes were removed, colour and DOC were strongly related to drainage ratio in the remaining 22 lakes (r 2 = 0.40 and 0.38 respectively, P <0.01). The observed linear relationships for colour and DOC to drainage ratio only in those lakes with small drainage ratios (<25) suggests that contributions to lakes from the landscape are restricted to a fraction of catchment area.
Transport of solutes is likely to be attenuated by both low relief and flow through peatlands. Watershed slope ranged from 1.6 to 6.1% with a mean of 3.5% for all study lakes. Under conditions where attenuation occurs, catchment loading models can employ an effective area approach (Soranno et al. 1995) to represent restricted contributing areas. Effective areas were calculated for 26 of the 28 reference and 1995 burn-impacted lakes. Effective areas were a mean 40% of total catchment areas for reference lakes and 16% for burn-impacted lakes; however, the median was 8% for both groups (Mann-Whitney P = 0.77).
Among lake variation in mean TP, DP, SRP, DN and DOC was linked to landscape using EA normalized by lake volume (EA/V). Linear regression with EA/V explained 69% of the variance in log 10 TP, 63% of variance in log 10 DP, 52% of variance in log 10 SRP, 42% of variance in log 10 DN and 62% of variance in DOC (P <<0.01). EA/V explained 26% of the variance in log 10 DIN (P = 0.01) and 20% in log 10 TN (P = 0.03). Drainage ratio and watershed area divided by lake volume explained less than 10% of variation in nutrient concentrations (P > 0.4). Effective area appears to better represent transport of materials from peatland catchments because transport is reduced to a sub-area within a catchment.
Percent disturbance and time since disturbance
Both phosphorus and nitrogen concentrations in lakes were correlated with percent disturbance and time-since-disturbance (Table 3) (Table 4) .
Discussion
The movement of groundwater to lakes and streams in the discontinuous permafrost region of boreal Alberta likely occurs by: (i) flow in contact with mineral soils or (ii) flow through extensive organic peat. Groundwater in contact with mineral soils enters through stream beds and fens as they appear to be the only places without permafrost. Inputs from the peat layer would be restricted to riparian areas for sheetflow and vadose water by low hydraulic conductivity of peat (less than 0.1 cm . hr -1 ) or larger distances through macropores (e.g. Hill 1993 ). Fens can have greater influence on surface water chemistry than bogs by virtue of their high discharge (Halsey et al. 1996) . Base cation concentrations for Caribou Mountain fens were characteristic of bog/fen complexes (Halsey et al. 1996) and poor fens (Vitt & Chee 1990) in northern Alberta and were 20 to 60% of the mean for Caribou lakes. Groundwater from mineral soils of the Caribou
Mountains had base cation concentrations 20-fold higher than found in lakes.
The low discharge expected through peat directly, the similarity between fen and lake chemistry and the high cation concentrations of mineral soil water suggests groundwater contributions to lakes were restricted to waters from the organic layer flowing through fens.
Determining hydrologic flowpaths in flat peatlands similar to the Caribou
Mountains is difficult. Deuterium and
18
O proved an effective alternative, predicting water yields of 100 mm, similar to the 85 mm derived from discharge measurements in MS2. We had predicted increased water yields from burnt catchments due to reduced evapotranspiration (Johnson & Needham 1966; Tiedmann et al. 1978) . Similarity in water yield between burnt and reference watersheds could be a result of increased volume for water retention as permafrost melted, however, this is unlikely as melting frost usually results in subsidence of peat (Vitt et al. 1994 ). An alternate explanation follows observations by Rouse (1976) who demonstrated that microclimate changes in sub-arctic catchments should lead to increased evaporation and decreased snow accumulation following fire. Higher deuterium enrichment rates in burnt areas would cause an underestimation of water yield. However, decreased snow accumulation could likewise account for no observed increase in water yield.
The processes of isotope fractionation require further study as isotopes may offer the only feasible method of acquiring hydrologic data in poorly drained peatland areas such as the Caribou Mountains.
The flat terrain and poor drainage of the Caribou Mountains would attenuate solute transport so that only areas close to water bodies deliver solutes. This is unlike the Canadian Shield where bedrock and thin soils allow the prediction of solute concentrations in lake waters from mean catchment export rates (Dillon & Kirchner 1975 , Chapra et al. 1978 . EA. In northern Alberta we hypothesize that fens and inundated bogs, permanently or intermittently linked to surface water bodies, comprise the EA and that these areas produce water relatively consistent in their ion chemistries.
Time-since-disturbance and percent disturbance were important factors in nutrient enrichment among lakes explaining 58% of the variance in TP and DP concentrations (Table 4 ). An exponential decay model for time-since-disturbance impacts was used because recovery should initially be rapid as new growth and microbial communities re-establish themselves. Recovery rates should be reduced through time as the pulse of readily available organic matter from the fire is used by microbial communities both within the lake and catchment or are flushed from the lake and lost to sediments. In our dataset, a linear model for time-since-disturbance explained 65% of the variance in TP and DP but was weighted towards lakes burnt in 1995 and produced larger prediction errors for lakes burnt between 1961 and 85. A larger range in time-since-disturbance data is required to test the hypothesis that attenuating impacts of fire on watershed nutrient export through time is decays exponentially.
Increase in the flux of divalent cations and potassium from organic soils usually occurs after fire (Tiedmann et al. 1978) . Increased flux rates of divalent ions from burned peat likely occurred in the Caribou Mountains. However, the cation exchange capacity of both living and dead peat would remain intact and liberate protons as cations were exchanged (Clymo 1984) . . Fig. 2 : Summer mean total base cations and cation composition for lake waters in reference (n=17) and burnt (n=11) catchments. Letters (a & b) indicate differences between reference and burn-impacted lakes (P < 0.05). Fig. 3 : Summer mean pH and total alkalinity for reference (n=17) and burnimpacted lakes (n=11). Letters (a & b) signify difference in means at P < 0.05. Fig. 4 : Summer mean concentrations of total phosphorus (TP), dissolved phosphorus (DP), soluble reactive phosphorus (SRP), and particulate phosphorus (PP) for reference (n = 17), burn (n = 11) and previously burnimpacted (n = 5) lakes. Letters (a&b) indicate difference between reference and burnt means at P ≤ 0.05. Analytical statistics were not applied to previously burnt lakes. 
General affects of fire on in-lake processes
